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ABSTRACT

A major effort ia being made in the national

program to make the operation of axieymmetric,

toroidal confinement ay~tema steady state by the
application of expensive rf current drive.
Described here 18 a method by which such a

confinement system, the spheromak, can be refluxed
indefinitely through the application of dc power.

AB a step towarda dc quatainment ve have

operated the present CTX source in the slow source
mode with a longer power application time
(-O.l ms) and auccesalully generated long-lived

spheromaks. If the erosion of the electrodes can
be controlled as well as it ia with MPD area then
dc operation should be very clean. If only a amnll
fractic.n (- 10% for an experiment) of the poloidal
flux of the spheromak connect~ to t!lr source then
the dc auatainment can be very efficient. The
amount of connecting flux thfit is necesanry for
austafnment needs to be detcrminrd cxpcrimrntally.



STEADY STATE SPHEROMAK
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I. INTRODUCZ’ION

A major effort is being made in the nationnl progrnm to make the
operation of axiaymmetric, toroidal confinement systems steady otate by the
application of expensive rf current drive. Described here is a method hy

which much a confinement ayetemp the spheromak, can be refluxcd
ind~finitely through the a~plication of dc power.

Pueeen~ly, spheromaks are ge’:erated by pulned techniquc~. For Conxinl
source prod’~ced apheromaks the generation process, gro~u behavior, and

ma~nettc field profilee are in qunlitativc agreement with Taylor’a
energy pri,lciple.l

mi nfmum

This principle statefi Lhnt n pln~ma-lndcn mngnetic
field configuration enclosed within a flux-conHerv[ng boundary w1ll go to
Lhe minimum energy atatt’allowed by Lhe hounclnrycondltion~ Mul)ject to Lllc
con~uraint that the magnetic Ilclicity iti COllH(’t’Vfi(i. 1[(’11(’iLy llilH L!I(I

dfmenniona of magnetic flux Hquarcd and ~S II ~(lil~u]-(~ of linknR(’of l“lux

with flux.z ThiH minimum encrl{y princtpl(’ W(IH HppllrIl by .1. l!. ‘rnylor to

cxplnin II)Crrmnrknh]c phonnmonon :)f FL(~lt.-I”L’v(’)”tiIIl ot tlI(” to~I)l(lIIl l’lt~ldIII
tlicZct:l r(~vernml f!cld pinch vxpclmtmcnt.

II. !;I,IJW !;ollll(:l( MOI)K
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application time to a few ‘B (- 1 ma). This should test the concept of Jc
sustainment. Increasing the power application timo scales to T~ tind‘B =y
not help the Impul “ situation and could even be detrimental becauae of
the longer time impurity transport from the source. However, a real
gain in cleanliness k ‘ probably be i“ealized when the spheromaks are
auetained for times )ng compared to Tc. For the l?lm~Bumpy Torus Tc IS
about 5 minutes.

III. IMPURITY CONSIDERATION S

In pulsed diachargea where electrodes are used impurities can be a
problem. In the past, impurity problems from such dit3chargea were
important factor~ in the demise of tinnyconcepts utilizing electrodes. The
application of modern cleaning techniques and vncuum technolo{ry can
qubatantially reduce these problems as we have seen during the hlmf~.ry Of

the coaxial source generated spheromaks. However, when clcctrotics are u~ed
continuously, such as in vacuum tubes, Q-machines, and MPi) arcs, Impllrities
become less of a problem.

The hollow cnthnde MPD arcd has n geometry similm;’ to t}lcconxinl
helicity generator shown in Fig. 1. A rule of thumb for the MPD arc iR

tllw!lt the input gas eupplied must provide the charge carrter6 for the input

current. MPD arcs of a few crlltimeters ~lze hnvc opcrntcd Hcveral tens of
hours (pa~sing thousands of’moles of :fiH) &r!lowlnglittle croHlon (a smnll
frnc~ton of a mole). This demonutr~tec t’hntthe erosion prnhlrnm have been
controlled nt leaat to the point where ulcctrorlc nwllorfnl contnm~rratlon iu

neflligiblc. AIRrr, the large volume of gJIH C1OWIIII: Lhroligh the flytitrm will
rnpfdly rumovc nny other contnm-innntn provldod n clean pumping ~yst(!m lR
llH@d. Thu S , If the croHion problc*mH cnn Iw Holv(’d, n~! th(~y 11.lvr hi’(’n with

Ml’l) lll.CH) the plnHm41 from tho Houl.c(! HIIOII1(I I)(I pIIt’(1. ‘~11(’ t“li~ll ~11H floW

l.{lt(?Fl ris~r)cinted Wltll t]l{H tJ?l)C OF 00\1I’cP Hholll. i f.(’11~ 10 IWlintllill /1 [’ 1(”1111

gIIH hlnnkct nround Lll(s Hpllorornnk, providing N , 1(’JIII HoIIr(”t* for r(’(’yr.iln~ of
p/lr[:l(”luH.

Iv. EFFICIEN(:Y OF l)CSIISTAINMHNT
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Taylor minimum energy state of an oblate spheromak (in a right circular
cylinder of radius Rs and length E) are well known.q The9e profiles yield
a heljcity per unit energy of ‘HE m 2 IJo/~K~B+ K% where Krs = 3.83/Rs,
K =m/2,
f

and Do is the magrletic permeability of free space. The mstch
e ficiency then 1P simply the LHE of the saurce divided by that of the
epheromak. To estimate this lose I will assume that the field profile~ in
the entrance region adjacent to the eource &IL”ethose given by the Taylor
principle for a fully reversed RF1 The source LHE then has the same form
aa thet of the spheromak with E going to - and R going to ~. & IB the
r~diu~ the entrance region.Cf *, T~us the efficiency 19
c ~(Kr: + Kz /K:.❑ = For the geometry of Fig. 1 Em = 0.6.

B. Adc!ingohmic Losaea

Efficient current drive, by this met[lod, means that the qJ“2 losses in
the entrnnce region must be smaller than the IIj210SECR in the spheromak.
One advantage of this method of steady state sustaimlel,i IJvel L;le Rumpy
Z-Pinch5 js that a l~rger fraction of the inevitable power loss from the
spheromak w1ll be diverted to heat the entrance region (and lower it~
resistance

4
since the driven layer surround8 the entire spheromak. The

value of j in the entrance region relntivc to that of the spheromuk scales

as [ro/r,})4. (See FiR. 1.) Thin effect and the temperature of tile

spheromak dominate the efficiency.

Acceptti ‘ “e (Eff s 50%) maximum valuea for ro/rll can be found by
Hnlving the parallel heat flow problcm With clns~icnl realstlvity and heat
conduct [Vity. Thcsr types of estimatefi show thnt ro/r mu~t hc less than

flhou t 1/10 for a Lwuctor (klwfil~m 5 T, T = 50(10cV~ and lcsa than about
:/3 f,*:nn intercstjn~ Fxpcrimclnt (B = ().2?, Tc- 100 eV). Whether or not
tht’~c Vlllucs tln? inr~(’ r11011gll for ~u~t,l~nmrnt depend on tllcah~orption
r[.tcsfor Lhe Ilelicity. The amo~lnt of eY(CI’MH Ilelfcity avu[lahlc f(,L-

)
~lb~orpt on compnri’d to ttlc amount the mphrr(unmk hua i~ proportlofial to
[ro/!tfi)’.Thuo r. muHt he large enough for ~llHtnlnm{~ntyrt Mmnl! enough so
thnt tho Huntnlnnh’nt [H rffic{cnt. ~’llllt tIICtl*it [H n~l nper.ntipg window n~?rda

10 hu Hl)ownrxpcrtm(”nlnlly ‘1’h[~Flmf,llll{~Flll of r. will II(* n y(loi l,c~nsll!”~ o f

}1(1(-(.(*HFI Iol- (-!(’ (-[11.1.(’111 [11.lvc.

v. SIJMMARY
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